Abstract Non-tidal sea level anomalies (SLAs) can be produced by many different dynamical phenomena over many time scales, and they can induce serious damages in coastal regions especially during extreme events. In this work, we focus on the SLAs in the South China Sea (SCS) to understand whether and how they can be related to the large-scale, seasonal monsoon system which dominates the SCS circulation and dynamics. We have two major objectives. The first one is to understand whether the NE (winter) and SW (summer) monsoons can be responsible for the persistent SLAs, both positive and negative, observed at the SCS ends along the main monsoon path. The second objective is to understand the SCS response as a free system upon onset/ relaxation or sudden changes in the forcing wind. It is well known that sudden changes in the forcing mechanism induce free oscillations, or seiches, in closed, semi-enclosed basins and harbors, and we want to identify the possible seiche modes of the SCS. To our knowledge, these two objectives have not been previously addressed. We address these objectives both through observational analysis and modeling simulations. Multi-year tide-gauge data from stations along the coastal regions of the SCS are analyzed examining their spatial correlations. Strong negative correlations are found between the northeast and southwest stations at the two ends of the SCS under the path of the NE/SW monsoons. They correspond to wind-induced positive/negative sea level setups lasting for the entire monsoon season and changing sign from winter to summer. Short periods of negative correlations are also found between the SLAs at eastern and western stations during El Niño years in which the monsoons are weaker and have an enhanced E/W component inducing corresponding sea level set-ups. The tide-gauge station at Tanjong Pagar at the southwest SCS end near Singapore is chosen to study four extreme SLAs events in the observational record during 1999. Modeling simulations are carried out to reproduce them. The observed and modeled extreme SLAs agree quite well, both in the amplitude of the highest peak and in phase. Three main peaks are identified in the observational energy spectrum of the de-tided SLAs at the same station in 1999. Using Merian's formula to evaluate the periods of seiches in idealized basins Wilson (Adv Hydrosci 8:1-94, 1972) the first two peaks (24.4 h and 11.9 h) are found to correspond to the first two seiche modes in the direction of the main, longer axis of the SCS. The third peak (8.5 h) is found to correspond to the seiche in the transversal, shorter axis. Finally, modeling simulations are carried out by suddenly dropping a circular bump of water in the quiescent basin at different locations to excite the seiches. The periods of the modeled peaks agree quite well with the observational ones, the first two periods being actually identical.
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Introduction
The South China Sea (SCS) is the largest marginal sea in the tropics, covering an area from the equator to 23°N and from 99°E to 121°E. The SCS is connected to the Pacific Ocean and the Indian Ocean through several straits. Its mean water depth is ∼1,800 m with a maximum depth of more than 5,400 m. The SCS (Fig. 1) consists of a deep central basin and two extended continental shelves. The shelf in the south is composed of the Gulf of Thailand and the Sunda Shelf; while the shelf in the north encompasses the Gulf of Tonkin and the coasts of South China. The SCS dynamics is dominated by the seasonally reversing East/South Asian monsoons, which induce the corresponding seasonal variations of physical characteristics in the upper ocean of the SCS (Wyrtki 1961) . The names of the geographical locations inside or connected to the SCS, such as straits and gulfs, are given in Fig. 1b .
Tides in the SCS are very important for sea level variations. Non-tidal sea level anomalies (SLAs) however are dynamically even more important as they constitute the response to many different dynamical phenomena over many time scales, from decadal sea level rise resulting from climatic changes; to the seasonally varying monsoon system; to surges driven by synoptic atmospheric forcings such as storms. The temporal variations and spatial inhomogeneities of the non-tidal SLAs in the SCS have been studied mostly with respect to decadal sea level rise as well as annual and seasonal oscillations using satellite altimetry data or tidal gauge measurements (Li et al. 2002; Liu et al. 2001; Shaw et al. 1999; Rong et al. 2007; Qi 2007, 2010) . In Cheng and Qi (2007) , more than 13 years of merged altimetry sea level anomalies were used to analyze the trends of sea level variations within the SCS. The results show that the mean sea level had a rise at a rate of 11.3 mm/ year during 1993-2000 and fall at a rate of 11.8 mm/year during [2001] [2002] [2003] [2004] [2005] . Two components contribute to the sea level variability. The first one is the steric component which contributes significantly to the SLAs over the central SCS. The second one is related to the water-mass change due to ocean mass redistribution or water-mass flux, dominating the SLAs over the shallow regions (Cheng and Qi 2010) . After combining the altimeter data and tide-gauge records, Rong et al. (2007) showed that a close relationship exists between the interannual variation of the SLAs in the SCS and the El Niño and Southern Oscillation (ENSO). For the Sunda shelf, the data reveal a significant annual variation in sea level (Shaw et al. 1999) . In winter, low sea level is over the entire deep basin with two local lows centered off Luzon and the Sunda shelf. In summer, sea level is high off Luzon and off the Sunda shelf and a low off Vietnam separates the two highs.
On the synoptic scale, the northeast part of the SCS is often impacted by transient typhoons whose intense wind and low pressure can raise the water level in extreme cases by several meters, resulting in storm surges (Jiang et al. 2009 ). The surges can also propagate and induce non-tidal SLAs in regions far from the storm track (Flather 2002) . Most of the works on the typhoon-induced storm surges have focused only on the directly impacted regions (Huang et al. 2007; Kim and Yamashita 2008) .
In the Singapore Strait, located at the south-western end of the SCS, the possibility of a direct impact of typhoons is relatively low. However, frequent events of extreme SLAs produced by different mechanisms have been recorded (Tkalich et al. 2011) . In this work, we have two major objectives. First, we want to understand whether the NE (winter) and SW (summer) monsoons can be responsible for extreme SLAs, both positive and negative, observed at the two extreme ends of the SCS, along the main monsoon path, i.e., the main axis shown in Fig. 1b . In particular, in the southern end, over the Sunda shelf, the response to the wind will be amplified by the shallow water depth, while in the northern deep basin it will be reduced. Therefore, our focus is on the large-scale, quasi-steady monsoon systems produced by the associated large-scale, quasi-steady pressure centers and we do not investigate the response to transient, moving storms as in the study by Nielsen et al. (2008) . Thus, we need first to examine spatial correlations of the SLAs along the coastal regions surrounding the SCS to establish whether and how they are affected by the dominant wind systems.
The second major goal is to understand the SCS response as a free system, upon partial or total relaxation of the surface wind forcing or under sudden changes in its intensity. It is well known that strong wind impulses and long wave energy inputs from the sea can respectively initiate seiches and resonances in basins and harbors (Lee and Park 1998) . Zu et al. (2008) ascribed the amplified K1 tidal component in the SCS to a Helmoltz resonance. Yanagi and Takao (1998) calculated the natural oscillation periods of the Gulf of Thailand with a calculation for an idealized rectangular basin with constant depth. Our focus is first on identifying in the SLAs observational records the dominant free modes of oscillation, or seiches, of the SCS and then to reproduce them through numerical simulations. To our knowledge, these two scientific objectives have never been previously addressed and hence our related results are completely novel.
Maybe the most known example of an extreme SLA induced by a seiche has been documented for the Adriatic Sea. The Adriatic Sea is a narrow, channel-like basin connected at its southern end to the large deep reservoir of the Eastern Mediterranean. Its seiches have been extensively studied (Robinson et al. 1973; Orlic et al. 1994; Vilibic and Orlic 1999; Vilibic and Mihanovic 2003) . In particular, the period of the dominant seiche has been evaluated to be 21 h through observational and theoretical analysis (Leder and Orlic 2004) . During long-lasting episodes of the northwestward sirocco wind blowing along the axis of the Adriatic, an anomalous sea level set-up is produced at the northern end, the so-called "high water" in Venice. Upon wind relaxation, the basin responds with free oscillations of the dominant seiche. Hence, the "high water" returns 21 h after wind relaxation, and the seiche SLA dominates over the astronomical tide (see Robinson et al. 1973 , Fig. 1 ).
We do not expect such a simple observational evidence to exist for the SCS. First, the SCS has a much more complex b a Fig. 1 geometry configuration and topography. Second, bottom friction is small in the Adriatic, and the seiche is damped only after several cycles (Robinson et al. 1973 , Fig. 1 ), while friction may be much more effective in the SCS. Finally, and most importantly, the astronomical tide has a very small range in the Adriatic, <50 cm, while it is very strong in the SCS, up to 2.5 m at Singapore. However, it is very important to identify and quantify the free oscillatory response of the SCS as opposed to the forced one, both scientifically and practically, as the related SLAs can strongly affect and damage the coastal areas.
The paper is organized as follows: Section 2 discusses shortly the data sources and the processing method. Section 3 presents the data analysis results relating them to the quasi-steady winter and summer monsoon forcing. Section 4 presents numerical simulations of extreme SLAs events comparing them with the observational evidence. Section 5 focuses on identifying the dominant seiche modes first observationally, then through simple analytical formulas available from the literature and finally through the numerical simulations. Finally, we summarize our major results in the conclusion section 6.
Data sources and processing methods
Hourly tide-gauge data used in this study are downloaded from the University of Hawaii Sea Level Center (UHSLC) which distributes the data from the tidal stations of the PSMSL/GLOSS network (http://uhslc.soest.hawaii.edu/). In this study, we focus on the period from 1999 to 2008 to reflect recent features of SLAs in the SCS. The available GLOSS/CLIVAR network stations around the SCS are depicted in Fig. 1 and reported in Table 1 . Two kinds of databases from UHSLC are used, research quality data and fast delivery data. Gaps of the research quality data are complemented by the available fast delivery data at some stations. Vung Tau and Miri stations are discarded in the analysis due to substantially short records. Six-hourly sea surface wind data used in the analysis are from NCEP Reanalysis dataset (Kalnay et al. 1996) .
Harmonic analysis of the hourly tide-gauge data is firstly performed with t_tide Matlab package (Pawlowicz et al. 2002) . The time series of the tidal data are processed in a yearly sequence, because the t_tide package is recommended to be used with data records up to about 1 year long in order to obtain accurate results (personal communication with R. Pawlowicz and R. C. Beardsley, 2009 ). The differences between the tide-gauge data and the tides predicted through the harmonic analysis are the non-tidal SLAs used in our study.
Data analysis results
As a typical example, The SLAs at Tanjong Pagar station (in Singapore, station 1 in Fig. 1b and Table 1 ) from 1999 to 2008 are shown in Fig. 2 . In order to detect the annual and seasonal variations, the high frequency noise of the SLAs has been removed by smoothing the hourly SLAs with a daily moving average. The annual variation is apparent in the Tanjong Pagar SLAs as well as in the other tide gauges (not shown). As stated in the introduction, our first objective is to understand the SLAs produced by the large-scale NE (winter) and SW (summer) monsoons. Since the Tanjong Pagar and Kaohsiung stations (1 and 10 in Fig. 1b and (2001) . There is therefore a strong negative correlation in winter and summer between the SLAs at Tanjong Pagar and Kaohsiung stations. We want to correlate these negative correlations to the NE/SW monsoon winds. The monthly averaged sea surface wind fields in January and July 1999 are shown in Fig. 4 . In the boreal winter, the persistent NE monsoon blows over the SCS from Kaohsiung to Tanjong Pagar and the SW monsoon blows in the opposite direction during summer. The seasonal persistence of the two monsoons produces a quasisteady sea level set-up, positive at Tanjong Pagar in winter and negative in summer. The opposite set-up is produced in the two seasons at Kaohsiung, hence the strong negative correlations in the SLAs. Also, the positive set-up in winter at Tanjong Pagar is amplified by the shallow depth of the Sunda shelf. These correlations disappear or are extremely weak during the transition seasons of spring and fall (inter-monsoon period), see Fig. 3 .
A quantitative correlation between the SLAs at Tanjong Pagar and Kaohsiung with the winds is carried out through a linear regression. The available NCEP wind data points with 2.5°×2.5°resolution over the SCS are used and then averaged to represent characteristic winds over the whole SCS. The averaged wind vectors are projected onto a line connecting Tanjong All the SLAs in the southern part of the SCS are compared in Fig. 6 for year 1999. Overall, they exhibit similar SLA patterns to the one of Tanjong Pagar. The tidal stations under investigation can also be grouped into east set and west set according to their locations. Negatively correlated SLAs are observed for the two sets during several short periods. The SLAs at Geting (station 5 in Fig. 1b and Table 1 ) and Kota Kinabalu (KK, station 13 in Fig. 1b and Table 1 ) in 2002 are compared as a representative example. Two negatively correlated events are observed and marked by the black lines in Fig. 7 . First, it is to be noticed that in 2002 the SLAs at station KK do not show an annual cycle similar to that of Geting. This is due to the weakness of the NE/SW monsoons in 2002 as a result of the variation of the El Niño-Southern Oscillation (ENSO) index. 2002 is an El Niño year with a large positive ENSO index. The resulting monsoon winds are weaker, i.e. the N/S component is weakened and the E/W enhanced. Thus, in El Niño years the annual cycle is weaker, as evident in Fig. 7 at station KK in which the yearly signal is not present in summer (June through September). During years like 1999, with an ENSO signal largely negative, the NE/SW monsoons are strong with a weak E/W component. As a result, in 1999, the yearly cycle is similar at all stations in the southern SCS, see Fig. 6 .
A quantitative correlation of the monsoon strength with El Niño index is well beyond the scope of this paper. However, the negatively correlated events in Fig. 7 can be explained by the dominant wind patterns. The wind fields on the two specific days marked in Fig. 7 are shown in Fig. 8 . On August 15, 2002, a strong westerly wind blows towards KK (Fig. 8 , upper panel) generating there a positive sea level set-up and a correspondingly negative one at Geting. Even though on December 12, 2002, the wind field is similar to the average pattern of January 1999, still the E/W component is stronger especially at the Geting station on the western side (Fig. 8, lower panel) . The wind anomaly of December 12, 2002, with respect to mean wind of January 1999 (not presented) shows in fact that the anomaly direction is purely zonal over the entire SCS. A large positive set-up is hence produced at Geting, with a weaker negative one at KK. The set-up is established very quickly as it takes only 12 h. for a wave front to propagate over the longest axis of the SCS, see Section 4 and Fig. 14 . The short duration of Fig. 1b) and Kota Kinabalu (station 13 in Fig. 1b) can be grouped as east set, while all the other tide gauges are grouped as west set these two events indicates the rather quick change in intensity of the east-west component. The SLAs negative correlations, however, can again be explained by the opposite sea level set-ups produced at the two stations by the dominant winds.
Numerical studies of extreme events
We are especially interested in the extreme SLAs for the coastal region surrounding Singapore as they are potentially the most dangerous ones for the state. Therefore, four positive extreme SLA scenarios (>25 cm) are chosen from the de-tided record at Tanjong Fig. 9 , discretized into non-overlapping triangular elements with 35,212 nodes and 68,552 elements. The resolution range is from 5 km over the steep continental slope to ∼200 km near the eastern and western boundaries inside the western Pacific and eastern Indian oceans. Vertically, the whole water depth is divided into 20 sigma layers. In the computation, the horizontal diffusion coefficient is estimated using Smagorinsky eddy parameterization method (Smagorinsky 1963) , and the vertical eddy viscosity K m is computed using The MellorYamada (1982) level 2.5 (MY-2.5) turbulent closure model.
The surface and bottom boundary conditions for horizontal velocities, u and v, and the vertical velocity, w, are: 
Where ζ is the free-surface elevation and H is total water depth. ðt sx ; t sy Þ ¼ ρ 0 C Large and Pond (1981) . ðt bx ; t by Þ ¼ C d ffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi u 2 þ v 2 p ðu; vÞ are the x and y components of bottom stress. The drag coefficient C d is taken a constant of 0.0025 in the present study. In our computation, both six-hourly surface winds and barometric pressures used are from the NCEP Reanalysis dataset (Kalnay et al. 1996) .
At the open boundaries, the lateral sea level conditions are provided by MITgcm (Marshall et al. 1997) . MITgcm is a component of the MIT Integrated Earth System Model. The model has a horizontal resolution of 2.5°×2°and 22 levels in the vertical. The geometry is globally 'realistic' except for the absence of the Arctic Ocean; bathymetry is represented by partial cells. The model is forced by observed monthly mean climatological surface wind stresses, heat fluxes and annual-mean evaporation-precipitation. Sea surface temperature and salinity are also restored to observed monthly mean climatological values. With this design, four decade simulations (60s-70s-80s-90s) are available from the MITgcm with the full fields of currents, temperature, salinity, and sea level. The ocean simulations used here are described in detail in Dutkiewicz et al. (2005) . In the present study, however, only the climatological weekly sea level data for 1990s from MITgcm are used and forced from the first week data. The simulations for the four chosen extreme SLAs events are run from the first day of the corresponding year, but only the last month (December) of the results is used for the comparisons with the observations. As the problem at study is purely barotropic, temperature, and salinity in the whole domain are kept constant and 11 months are sufficient to spin up the model. Initially, the model is forced at the open boundaries with the 1990s climatological sea surface height (SSH) from the MITGCM to obtain a reference sea level. Subsequently, the model is forced with both the climatological SSH at the boundaries and NCEP wind and pressure at the surface to obtain the time-varying SSH. Finally, the SLAs are computed by subtracting the reference level from the timevarying SSH. As the open boundaries are chosen far away from the SCS, the modeled SLAs are insensitive to the sea level open boundary conditions. As a test, we forced the boundary sea surface elevation to be zero during the computation. The resulting SLAs are basically the same, with the maximum difference less than 2 mm, from the corresponding ones obtained using the climatological SSH. On the other hand, we do not want the tides to be explicitly simulated through tidal forcing. As the primary goal is to understand the forcing mechanism of the SLAs and of their extreme events, we need only wind stress and pressure forcing in the simulations. Explicitly including the tidal forcing would mask the signal of the SLAs in the model response dominated by the strong tide. We would have to de-tide the results like we do de-tide the sea level records.
Simulation results
The modeled SLAs at a node near Tanjong Pagar are compared with the de-tided SLAs from the tide-gauge data and are shown in Fig. 10 . The most extreme SLA peaks in each year agree well with the gauge data, but the secondary peaks are slightly overestimated or underestimated and the disagreement might be due to tide-surge interactions which constitute a correction to the basic linear surge. For the extreme peak, the SLA is large enough to make the tidesurge interactions negligible. The main effect of the surge on the tide is to alter the times of the tide highs and lows (Lowe et al. 2009 ). Once the local water depth is changed due to the (strong) first peak, the tidal propagation speed changes, changing the times of the following highs or lows, thus modulating the secondary peaks. As FVCOM does not include explicitly the tidal forcing, these interactions are not reproduced. In spite of the slight differences in the secondary peaks, the computed SLAs are in phase with the gauge data, implying that the wind and pressure forcings are indeed the dominant factors driving the SLAs. Also, the SLAs respond to the forcings with a time lag shorter than 1 day. In fact, it takes about 12 h for a wave to propagate through the entire SCS (as shown by Fig. 14) . Additionally, the SLAs are simulated with only the wind effect and are shown for the 1999 case (top panel in Fig. 10 ) to isolate the effect of surface pressure. The extreme SLA under only the wind effect reaches 48 cm, while the corresponding SLA under both wind and air pressure forcings are as large as 59 cm. Therefore, the exclusion of surface air pressure in the simulation decreases the total SLA in this extreme event by∼10 cm. The atmospheric pressure effect on the water level may be due to the inverse barometric effect. Taking the yearly mean value of NCEP sea surface pressure at the nearest point to the Tanjong Pagar station as the reference pressure, the difference (∼10.6 mb) between the pressure on Dec/23/1999 (∼1,015.4 mb) and the reference pressure (∼1,004.8 mb) could generate the surface elevation of ∼10.6 cm, consistently with the model result.
A contour map of the computed extreme SLAs over the SCS on Dec/23/1999 is shown in Fig. 11 . As a comparison, Fig. 12 shows the AVISO satellite image of SLAs over the SCS on Dec/22/1999, as the satellite image is weekly available during that period. The spatial distributions of the SLAs over the SCS from the numerical results and the satellite image are in very good agreement. The SLAs pattern in Fig. 9 The computational domain and grid system Fig. 11 demonstrates that a SLA gradient is built up along the SCS longer axis under the persistent NE monsoon wind. The gradient changes in response to the wind intensity. In the southern part of the SCS, the SLAs are large because of the amplifying effect of the shallow shelf. On the other hand, in the northern part, the sea surface response off Taiwan is fairly weak due to deep water depth, resulting in small SLA magnitudes. In fact, the SLA at Kaohsiung on Dec/23/1999 is only ∼10 cm (Fig. 3) , extremely weak in the model simulations as well as in the AVISO image of Fig. 12 . identify the dominant periods. The SLAs in the SCS are identified to have multiple oscillation periods ranging from minutes to hours besides the apparent seasonal oscillation. Although SCS is one of the active regions for internal waves in the world, the recorded SLA oscillation at Tanjong Pagar has nothing to do with the internal tides, because internal tide energy is rapidly dissipated on the shallow Sunda shelf. As Tanjong Pagar station which is near the extremely shallow Singapore Coast, no signal of internal wave is contained in the gauge records. Since the tidal signals have been filtered out in the non-tidal SLAs, we hypothesize that the peaks appearing in the energy spectrum of Fig. 13 are those of the free oscillations, or seiches, of the SCS.
Through simplifying the SCS as a semi-closed rectangular channel connecting with the Pacific Ocean which acts as an infinite reservoir (Tkalich et al. 2011) , the period of the first seiche mode can be estimated using Merian's formula (Wilson 1972) :
where L is the channel length (refer to the long axis in Fig. 1) , h is the mean depth, and g is the gravity acceleration (9.8 m/s 2 ). The SCS bathymetry consists of a deep basin with a depth of 3,000-4,000 m and a shelf with a depth of 100-200 m. The corresponding lengths are 2,000 and 800 km respectively. Additionally, there is a plateau (about 500 km in length and about 1,500 m in depth) extending from the shelf end towards Taiwan. Hence, the weighted average water depth of the SCS is about 1,700 m. Applying Eq. 3, the period of the first seiche mode is estimated to be ∼24.1 h, which is consistent with the observed SLA period of 24.4 h (Fig. 13) .
A different mechanism to explain the peak of 24.4 h is invoked by Zu et al. (2008) . They propose that the diurnal tide K1 in the SCS is amplified by a Helmholtz resonance. The resonant frequency for a Helmholtz oscillator, w 0 , is estimated as:
where l is the length of the Luzon Strait, A is the SCS surface area, and E is the cross-sectional area of the Luzon Strait. Parameters E, l, A are given as 748, 378, and 4× 10 6 km 2 , respectively, which results in the resonant period of T 0 ¼ ð2p=w 0 Þ ¼ 24:8 h also consistent with the observational peak.
Therefore the seiche might be excited as a resonance by the diurnal tide. We propose however a different scenario that does not involve tidal forcing. According to Wilson (1972) , a seiche is a free oscillation of a basin "provided that the disturbing forces responsible for the initial displacement are not sustained". Thus our explanation for the seiches is that they are excited by sudden changes in the wind forcing, such as wind onset or relaxation, or short-lived impulses in the wind intensity. We also remark that the periods of the first two peaks identified in the de-tided, observational energy spectra of Fig. 13 (24.4 and 11.9 h) are identically reproduced in the modeled energy spectra shown later in Fig. 16 , and that the modeling simulation does not include tidal forcing, thus supporting our explanation.
To better understand the excitation process of such a free wave in the SCS, numerical propagation studies of a water hump freely dropped in the SCS are carried out. A quiescent circular water hump with a radius of 100 km located near the Luzon Strait is set to fall down and to propagate towards the Singapore Region. In these simulations, the sea level at the outer open boundaries is set to zero. In fact, a series of tests has been carried out by setting sea levels at different values at the open boundaries. The results presented are the same. The SCS is initially at rest with the sea surface set to zero everywhere except the hump region where the initial hump is 10 m high. Similar tests were used in the studies of propagation of tsunami waves (Dao and Tkalich 2007) . Snapshots of the wave fronts at four times shown in Fig. 14 suggest that it takes about 12 h for the front to propagate across the SCS from Taiwan to Singapore. Without friction, it would take also about 12 h for the reflected wave to travel back; hence the dominant seiche period would be about 24 h, consistently with the estimates using Eqs. 3 and 4.
To obtain better quantitative estimates of the periods of possible seiche modes, the frequency spectrum of the freesurface response to a forcing impulse needs to be evaluated. For this purpose, studies of free-dropping circular water humps are conducted by moving the initial hump onto the Sunda shelf, as shown in Fig. 15 , upper panel. The freedropping hump constitutes the impulsive perturbation. Once the SCS is perturbed, the disturbance freely propagates and oscillates in the basin, and the surface elevations at P1 and P2 are monitored (Fig. 15) . The experiments are run for 15 days until the water surface in the SCS is almost quiescent. To compute the sea level frequency spectra, the first 30-min data are discarded to reduce the noise at the initial stage. The energy spectra at P1 and P2 are presented in Fig. 15 , lower panel. We emphasize that no tides are present in the simulations. Conducting a series of experiments by changing the locations and sizes of the initial hump, the spectra at the same points all display the same peaks, even though the intensity is variable due to the different sizes, and energy, of the initial humps.
At P1, the period of the first seiche mode is 24.8 h, which corresponds to the free oscillation along the long axis of the SCS. The spectrum at P1 displays another mode of 8.8 h, which becomes the period of the dominant seiche mode at P2. P2 is located along the main transversal axis of the SCS shown in Fig. 1 and a channel-like response along it can be hypothesized. We remind that opposite, negatively correlated set-ups were established at the stations of Geting and KK located at the two ends of such an axis (Fig. 7 ) during the particular years in which the monsoons had strong east-west components (Fig. 8) .
Again the period of the dominant seiche mode along the transversal axis can be estimated by:
where L′ is the transversal length. The axis from Vietnam to the Borneo Island is chosen as the most plausible length being roughly in the middle of points P1 and P2. Its length is about 890 km, with the average water depth of about 1,300 m. As a result, T′ is ∼8.6 h, close to the period of the mode identified in the spectra at P1 and P2. This rough estimate strongly suggests that the 8.8h peak constitutes the first mode of seiche in the transversal direction of the SCS.
The transversal mode at P1 is much weaker than that at P2, because P1 is located near the deep basin and out of the shallow shelf, making the 24.8 h peak to be dominant. When the energy spectra at P1 and P2 are computed with the water hump dropping in the northern Luzon Strait, only the 24.8 h peak is present in both spectra, plausibly because the Luzon strait is located near the northern end of the SCS and only the first seiche mode along the main axis is excited.
To further estimate the seiche modes in the SCS, SLAs for the year 1999 are modeled as discussed in Section 4.1 and analyzed. As shown in Fig. 16 , energy spectra of the 1999 SLAs in the northern and southern SCS, points P3 and P4 in Fig. 15 , reveal three peaks at 24.4, 11.9, and 8.0 h, the first two being present also in the de-tided SLA spectra at Tanjong Pagar (Fig. 13) . We conclude that 24.4 h is the first seiche mode along the SCS long axis present at both points in the northern and southern parts. The peak of 11.9 h can be interpreted as the second seiche mode also along the main axis. The third peak of 8.0 h is weaker in the northern SCS and corresponds to the transversal seiche mode. Even though the period of this latter mode varies from 8.0 (Fig. 16 ) to 8.8 h (Fig. 15) , the difference may be simply due to the modulation of the transversal seiche produced by the different widths of the SCS in transversal direction at the various point where the spectra are evaluated. Note that, in the simulation, the tidal forcing is not included. Hence, the seiche modes estimated from the modeled SLA are not contaminated by the tidal harmonics.
Conclusions and discussion
In this paper, we address the overall question of how the SCS responds to the large-scale monsoon systems. We have two specific objectives. First we investigate whether the quasi-steady NE (winter) and SW (summer) monsoons can be responsible for extreme SLAs, both positive and negative, at the two ends of the SCS along the monsoon path. We exclude from our study the response to transient moving storms as in Nielsen et al. (2008) . 11.9h 8.0h Second, we want to understand the SCS response as a free system upon partial or total relaxation of the wind forcing. To our knowledge, these two objectives have not been addressed in the previous literature. To achieve these goals, we follow both an observational and modeling approach. We now summarize our major, novel results.
Observationally, we first examine the spatial correlations of the SLAs along the coastal regions surrounding the SCS analyzing sea level records available from the tide gauges there located. We first de-tide the sea level records eliminating the strong tidal signal to focus on the dynamically important but much less understood residual signals.
Strong negative correlations are found between the SLAs at the stations located at the northeast and southwest ends of the SCS directly along the main axis of the basin under the path of the NE/SW monsoons (Figs. 3 and 4) . The corresponding wind-induced positive/negative sea level set-ups last for the entire monsoon seasons, changing sign from winter to summer, and leveling to very small amplitude in the intermediate seasons of spring and fall. During El Niño years, such as 2002, in which the monsoon exhibit a strong east-west component (Fig. 8) , short periods of negative correlations are found between the SLAs at stations on the Eastern versus Western sides of the SCS (Fig. 7) , with corresponding negative/positive sea level set-ups.
We then choose the station at Tanjong Pagar at the southwest end of the basin near Singapore to study four extreme SLA events and to identify the peaks in the de-tided sea level spectrum possibly corresponding to the free oscillations, or seiches, of the basin.
Modeling simulations are carried out first to reproduce the four extreme SLAs events (Fig. 10) .The observed and simulated extreme SLAs agree quite well, both in amplitude and in phase. Exclusion of the atmospheric pressure from the simulation decreases the total SLA in the event of December 1999 by ∼10 cm. This decrease may be associated with the inverse barometer effect. The contour map of the modeled sea level amplitude for this event agrees quite well with the satellite map for that day.
Three main peaks are identified in the observational energy spectrum of the de-tided sea level at the same southern station for 1999. Using Merian's formula for idealized basins (Wilson 1972) , the highest peak of 24.4 h is found to correspond to the dominant seiche mode in the direction of the main SCS axis, with the second peak of 11.9 h corresponding to the second mode along the same axis. The third peak of 8.5 h is found to correspond to the seiche in the transversal, shorter axis (Fig. 1) . Even though the period of the dominant seiche mode is very close to the diurnal tide, their resonance is negligible. In fact, the dominant tide in the SCS is the semi-diurnal M2.
Modeling simulations are carried out by suddenly dropping a circular bump of water in the quiescent basin at different location. This sudden, instantaneous impulse excites the free oscillations and the spectra of the modeled sea level response (which does not contain tides) are evaluated at four points in the basin. The periods of the modeled peaks agree quite well with the observational ones, the peaks of the two first seiche modes being identical (Fig. 16) . Even though the seiche periods emerge from the spectral analysis (Fig. 13) , differently from the Adriatic Sea, it is basically impossible to extract the sea level component unambiguously corresponding to a seiche from the SLAs records. First, the record of Fig. 3 shows secondary oscillations, sometimes of high intensity, superimposed to the mean set-up. These secondary oscillations might also be seiche modes excited by wind "impulses", i.e., sudden changes in the wind intensity of short duration, thus satisfying Wilson's recipe for the excitation of the seiche (1972) . The oscillatory motions are also present in the intermediate seasons when the mean set-up is negligible. They again might correspond to seiche modes. An alternative possibility however is that they are due to coastal waves as the considered tidal station is in shallow water. The de-tided sea level record should then be first de-trended to filter out the mean, and then filtered of the possible traveling coastal waves to reveal the residual standing seiche. Such an analysis, obviously very difficult, is well beyond the scope of the present work.
We do believe however that we have presented convincing evidence, both observational and theoretical, for the forced and free responses of the SCS to the monsoon system and convincingly explained how they are established.
